The Rate of Reduction of Acidity of Descending Waters by Certain Ore and Gangue Minerals and its Bearing Upon Secondary Sulphide Enrichment by Nishihara, George Shikataro
, 
THESIS 
Subject _ TEE Eh'1'E i)]' ImDIICTION OF ACT DI'l'Y OF 
w,St;F1mr!TG ':A ';'ERS l~Y CER':.'AI T ORF AIID G~~GUE 
~INERAIJS AUD ITS BEARIPG UPOU SECO!TDARY 
SULPHIDE FlTHICllllENT. 
-George S. Nishihara. 
THE RATE OF REDUCTION.OF ACIDITY OF 
DESCENDING WATERS BY CERTAIN ORE AND GANGUE MINERALS 
AND ITS BEARING UPON 
SECONDARY SULPHIDE ENRICHlrreNT. 
A thesis submitted to the Faculty of the 
Graduate Sohool of the University of Minnesota by 
George Shikataro Nishihara 
, 
in partial fulfillment of the requirements for the 
degree of Master of Science, May 1914. 
CONTENTS. 
Introduction. p. 1. 
Experiments; 
series 1. With ~S04 p. 2. 
series 2. VIi th Fe2 (804 }3 p. 7. 
Series 3. With FeS04 and 
13. CuS04 • p. 
Series 4. With Fe2(S04}3 
and CuS04 • p. 18. 
Summary and conclusions. p. 25. 
REPORT 
of 
COUMITTEE ON THESIS 
THE undersigned, acting as a committee of 
the Graduate School. ha.ve read the accompanying , 
thesis submitted by ......... ~ ...... _~, 
~ 
for the degree of ... ··-··· .. ···.·-·-.·····-··.····.········-.···9·······~ 
They approve it as a thesis meeting the require-
ments of the Graduate School of the University of 
Minnesota, and recommend that it be accepted in 
partial fulfillment of the requirements for the 
degree of .. -.-.-.~ ........ ::;J. .. -.~ 
'T' .-.-.-,-•••• ~.-•• '-'-'-'-"'-'-"-~J 
Chairman 
.. _ .......... _.-._._.-.. _ ..... -._._ .... _ ...... _ ............. _._ ..... --._ ........ . 
........... _ ...... _ ....... _ .... _ .. 191 ..................... -.. ~.-................. _ ... __ ._.-....... __ ._._._. __ ... . 
........... _._. __ .-.-----_ ...... _ ..... -_._ ... -_._ ......... _. _. 
.... 
\ 
\ 
(1) 
rhe rate of reduction of acidity of descending 
waters by certain ore and g~ngue minerals and its 
LHa.ri ng upon secondary sulphi de enri chment . 
I!1troduction . 
Since the announcement of the theory of secondary 
sulllhide enrichment 'by S . ]!' . Ji'mmonsl , W. H. Weed2 , and 
C.R . V::tn Hise3 :n lqOO there has bc"!n an inc.L'~asi ng 
interest sholvn in th~ chp,;·-i",try and phYS1CS of the 
process i nvol v~d . A surl1r1G1.ry of U!e .process of Bllri ch-
l"'Jent of cop}jer dep:1si ts by J . P . K~r"p4 appeared in 
190G ::1nd th, cri teria of dc"rrnrard sulphidll enric11ment 
~~re r8vic7ed by F . L . Ransorne 5 in 10 10 . An irlportant 
s t,ud:r of sul phides vas r.lac1t'! in 1888 by Schuerman6 I and 
,.., 
'lc...s :ollo~;red by the contri hutior:s of rr.an" others I. 
In the earl:'·)!' papers (m th}. ~ sunieet r-lcL mprasis 
trol ing th~ def} th at. 'V icr. pr3ci}.li~ation goes nn . It is 
kno 'In, 11') F~' fOr I t}:at c ~rta:n minerals .c~act or the 3"llu-
1 Emmons S. F., The secondary enrichment of ore deposits; 
Tra~. Arne. Inst. Min. Eng., vol. 30,l900,pp.ll7-2l7. 
2 Weed, W. H., The enrichment of gold and silver veins; 
Tran Arne. lnst Min Eng., vol. 30, 1 900,pp . 424-448. 
3 Van Hise C. R., Sone principles controlling the depo-
sitlo~ of ores; Tran. Ame. Inst. Min. FTlg·,vol.30, 
1900, pp. 27-177. 
4 Kemp, J.F., Secondary enrichment in ore deposits of 
copper; Econ. Geol. vol. 1, 1 906,p~ .1 1-l ? • 
(2) 
,I't.llers, and that WlA chemical and ri :!ralogical corrpC'lsi-
'.-i 'm as well as ':.11 - rerrleat) i li t:.,' c,f the dA})Qsil.S is 
:: T"l]1 n rtan t . 
Analys',;s of mi'18 'va t ~rs in the su l r::id3 are dApO -
, [) h 811:.s S ow considera1,1~ difr~~rences u.s l~O acidi ty and 
st~te of oxidation , hut they are essentially acid sul-
phate solutions of ~eta19 , alkalies, and alk~linp ~arth 
and in ielith t 'A ac':di ty gradually decreases until they 
becorle neut-ral or sligh ..... l y alkaL.ne . ';he folJ ("),~ling ex-
p''lt'iments 'vere undertaken'li th a vie 'J to as ~erl,ai n i ng 
tl.e ru,1,.fj at --lhieL 'Tari\"l11S r.1inerals -''''act 1111it11 and r educe 
SUP! osed to he acti u t7 in 9ul})hid':) 'mrichment . 
Carefully se18cted . 1)ecil""8n of priT"lary sulpn.des 
c rushed in three siz~s , ;. .md ta](~n in sGlJrlples of on~ tlnd 
~i'l~ grams . The first size was that passed through Jo . 
~o Mesh and caught on No . 80 mesh er~ n ; the ,eoond 
5 Ransor-e, F.L., Criteria of downward sulphide enrichment; 
Econ. Geol. Vol. 5, 1910, pp. 205. 
6 Schuerman, E.,Uber die Verwandtschaft der Schwermetal1e 
zum Schwefel; LiHbigs Ann. der Chemie, vol. 249,1888, 
p. 326. 
? Wi egel. 0., Die L~slichkeit von Schwermetta11esulfiden 
in reinem Wasser; Zeitsc. ~a1k. Chemie, vol. 58, 
190?, pp. 293-300. 
(3) 
siz~, passed throLlgh Ho. 80 mesi;. and cauGht on Ho. '?OO 
mesh screen; the thi rd size , p<.1ss'3d thro'-lgl1 Jio . 200 r;esh 
SCL'e L~n . Thirty Gu""ic c~ntiI'f\"Jtcr'3 of 1/8 I10ITlal sulphuri c 
acid "V:lS acl(ip.d and the bottl es were corked but no other 
))recaut::.ons "lere taken against oxidation . 'rhe acidity 
of th"3 solutions was tested by taking out two cubic cent i 
meters of the extract and t i trating against tenth normal 
sodiu!'! ca-rl)onu:te at several intervals . 'rhe re l ative 
<lcti vi ty of miner~ls in reducing acidi ty is sho m in the 
follcnring table ; 
7 Wells. R.C •• The fractional pre cipitation of sulphides; 
~con. Geol. vol. 5,19l0,pp .1-14 •. 
Winchell, H. V.,Synthesis of chalcoClte and its gene-
sis at Butte, Montana; Bull. Geol. Soc. Aroe •• vol. 
l4.1903,pp. 269-276. 
Sullivan, E.C.; Interaction of minerals and wat er 
solutions· Bull. U.~.G.S. No. 31 2. 
Read, T.T., Secondary enrichment of copper and iron 
sulphidesjTran.Ame. Inst. Min. Eng. vol.37.l907.p.SOO. 
Table 1. 
pt~lativ~ u.ctivit~· of minerals in reducingacidlt.y of NIB H2S04' 
1.,inerals in 
' 1 day 1 "·Ie!~k 2 we -!k~ 
order of..io-
I 
• 3 ''fe"~ks 1 month ~ nJ('Ilt.hs 3 months 
tivi tv. 
ralcita 0.0 0.0 0.0 0.0 0.0 0.0 0.0 Rho-iochro3it 0.1 0 .0 O~O 0.0 . 0 .0 0.0 0.0 Sidarit~ :2.0 0.3 0.0 0 . 0 G.o 0.0 0.0 Nephe1i te 1.9 0.6 0.2 O.lb 0.0 0.0 0.0 :pyrrhoLite 2.2a 1.la 0.6a 0.1 0.0 0.0 0.0 Leucite 1.S 1.0 0.8 0.6 0 . 4 O.-:S 0.3 Tetrahedrite ~.) 1.9 1.7 1.6 1.5 1.4 1.1 T,abradori te 2.;) 2.3 2.0 2.0 1.9 1.6 1.3 HornoL~nd.e 2.:) 2.:) 2.1 2.1 1 .. 9 1.8 1.4 Gal~na 2 .5a ~.5a 2.4a 2.4a a- 1.9a 1.4a 2 .:) Augite 2.4 2.'3 .., I) 
') " 2.2 1.7 1.6a J. __ •• ~ ~ .... SplT.ileri te 2 . 5C:!. :~. Sa S.5a 2.50. ~.4a 2.:)a ~.1 Biotit.e 2. ,1 :~. -l 2 .3 2.:) 2 .• :5 2 ') 2.2 ..... Fluu .,,;, toe ~~. 5 8.5 2.5 2 .5 (:.5 2.40 2 .3 Ort.hoclas~ ') ~ 2.5 2.4 2.4 2.1 2.4 2.3 .J 'O Chalcop:; ri te .) ~ ~Z . 5 2.5 n .11 2 .1 ~ .1 2.4 . 0 ~:' . ± Arsenopyrite ~.5 2.5 .., ,- 2 .5 2 .5 2 .5 2.4 t~ . J Harcas ite 2.5 :2.5 2.5 2.5 2.5 2 .5 2.5 Muscovite ~.5 2.5 2.5 2.5 2.5 2.:1 2.5 pyri teo ~.5 2.5 2.5 2.5 2.5 2.:1 2.5 Q,uartz " ~ 2.5 2.5 2.5 2.5 2.5 2.5 J ' ;)
-~ 
-
.r· 
- I( _~OO ~esh in 30 c.c. .:l.e; n qnl n1".; nn ') n ro ~...,.+~ ..... - .. ,.y ... :o. _ g .. ~ .• 
Litrated agaLHJt ;1/10 lJa2C03in eucl test . 
a. H2S odor. b. 112S odor very sl:ght. c. White needles of g;y!ysum(y) formed. 
Graph showing relative act ivity of minerals in reducing acidity of N/8 H2 S04 , 
Minerals one gr~ .80-200 mesh, in 30 c.c. acid solution. 2 c.c. extract was titrat 
ed against N/lO Na2C03 in each test. 
~ 
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(5) 
Considerahle dif {'icul ty was experi'3nced in secur-
ing Jl(~rfectl~l pure specimens , as thert~ vgre more or less 
ir'lpuri ties present . ",he chulcopyri te was so contaminat-
ed 'vi th calci te that it had to be separated in heavy 
s,lution ~nd by the subsequent dig~stion with dilute 
acid . 
As mibht be expected the difference in size of 
grains ffec ted the rerlucing :;iC ti vi ties r.1ore mark .dl y 
than di.:'fcrcmt 1uanti ties taken or length of tirre s is 
sho:vn in the follo'ling exar,ple ; 
IJ'l.br!lrlcri t.e 1 gr . T,'l.bra'lori tP- 5 rr . 
'"30-00 80-:"'00 1"")00+ 1)0- 80 E ()-200 200+ 
J iy 2 . 4 2 . 3 2 .2 2 . 2 ':! . O 1.7 
"Tk . ~ . 4 2 . 3 2 . 0 1.8 1.8 1.1 
wk . ' ) I) ~~ . 0 1. 8 1. 6 1.2 0 . 5 ... 
11k . 2 . 2 2 . 0 1.6 1.5 1.1 0 . 3 
T'10 . 2 . 1 1.9 1.6 1.0 0 . 3 O . ~~ 
mo . l.r l . e 1.1 O. [~ 0 . 5 0 .1 
no . 1.'1 1. 3 1.0 0 . 6 U.3 0 . 0 
-
----
The reducti r of aci Ii ty _ by car ona'tes . s r pid . 
Amon r ~ulphid~s p./r 1.0 ti te 'ias the rWD t active . r.d was 
S 3.Ct1 v'" 's some of ·Jh~ c,:"'bor.n.t~s . Anon" 8i1 i tes 
l~ucite ~n neJh~litc rye_~ str1Kingly active . 
As soon as th !leU tr' 1 poin t as reached there 
? Allen, E.T., CrenshDw,J.L. ,end Johnston,J. ,Ame.Jour. 
Sci. vol. 33, Uarch 1912. 
Stokes, H.N.,The action of solutions on pyrite and 
marcasite; Econ. Oeol. vol. 2, 1907 , p.22. 
Buehler and Gottchalk; The oxidation of sulphides; 
Econ. Geol. vol. 5, p. 28 and 01.7,p.15. 
Winchell, A.N., The oxidation of pyrite; Econ. Geol. 
vol. 2, p. 290 . 
rout, F.F., The oxidation of pyrite; Pcon.Geol. vol.3. 
p.532. 
(6) 
was no ind.i ca ti"m of further changp. to~ard either alkali-
q 10 
nity ')r acidity. Acoording to Kengott and Cornu , 
apatite. aragonite, c~lcite, dolo~ite, feldspars,nagne-
tite, micas, nephelite, olivine. pyroxenes, Rp.rpentine, 
siderite, s~odumine, talc and tourmaline give alkaline 
reactions to litmus or phenolphthalein, and it was possi-
ble that some a1kalieR haye been contributed to the solu-
tion in the experiment herein described. but the amount 
was too small to have affeoted the solution greatly. 
With some minerals activity varied with the length 
of time. Leucite, for example, was at the beginning 
more active, but later became less active than pyrrhotite. 
Initial and ~ersistent activities are, therefore, impor-
tant factors to be considered. 
D~ring the experiment it was noticed that, asides 
pyrrhotite and sphalerite, the marcasite anf galena also 
evolved hydrogen sulphide gas copiously and reduced 
acidi ty 'Ii th unexpected rapidi ty. ' A chenical analysis 
revealed. the presence of ranganese, probably as sulphide. 
As much as 0.0,* per cent of manganese 'Vas found in a 
cube of apparently pure galena. Lead ani zinc ores from 
7 Bard, D.C., Econ. Geol. vol.5, p.59. 
Cooke, H. C.,secondary enrichment of silver ores; Jor. 
Geol. vol.21, p .. l. 
Brokaw, A.D., ~he solution of gold in the surface 
alteration of ore bodies; Jour. Geol.vo1,18,p.322. 
Emmons, W.H., Bull. U.8.G.S., No. 529. 
Grout, F.F.,Econ. Geo1. vo1.8,p.40? 
Graton,L.C •• and llurdock,J.,The sulphide ores of copper; 
Tran.Ame.Inst. in.F.ng. vol.4,p.754. 
(?) 
Wisconsin, and argentiferous galena from several mining 
districts in California, Nevada, l~ontana,Colorado, and 
Spain were analyzed and were found to contain more or 
less manganese almost ce..,.. t ainly as sulphide. The argen- " 
tiferous galena from "Idaho Springs, Colorado, gave 0.12 
pe r cent of manganese. Several marcasites of radiating 
structure contained nearly 0.1 per cent. Pyrrhotite and 
sphalerite were also analyzed, but there were no trace of 
manganese. A print made on a lead acetate paper from a 
polished surface of galena after an application of dilute 
acid showed large areas of equal darkness suggesting an 
exceedingly intimate mix~ure of galena and alabandite. 
Both galena and alabf'ondite belong to the same crystallo-
graphic system, and might form an isomorphous mixture. 
Series 2. ~xperiments with 
ferric sulphate solution. 
'T'he decrease of ferric sulphate in mine waters 
' with depth suggests that ferric sulphate has be~n reduc-
ed. In order to determine relative activities of mine-
rals in re1ucing ferric sulphate a second series of ex-
7 Brokaw, A.D., Jou. Geol. vol. 21. pp.25l-267. 
Spencer A.C., Econ. Geol. vol. 8,p.62l. 
8 Emmons, VI. H., U. S. G. S. Bull. No. ') 29. 
Emmons,W.H. and Harrington,G.L. ,Eeon. Geol. vol.8, 
p.653. 
9 Kengott Neues Jahrbueh, l867,p.~02. 
10 Cornu,F:, Tseh. Mitteilung, vol.24,4l7-32,a25,489. 
periment was made. mhe minerals were treated with ferrio 
sulphate solution, tenth normal with respeot to iron.and 
tested for aOidity with tenth n ,~ rmal sodium oarbonate 
and for amount of reduoed iron with potassi~~ permangana-
te solution, one 0.0. of whioh was equivalent to 0.0016 
gr~) of FeO. The order of aotivity in reducing iron 
agrees fairly well with that determined by Groutll with 
a few exceptions. Table IIand JTT show the relative 
activities of min ~rals in 'reducing ferric sulphate solu-
tion. 
11 Grout, F.F., Econ. ~eol. vol. 8. p.4l7. 
Table II. 
Relative activity of minerals in reducing acidity of ferric 
sulphate, tenth normal ~th respect to iron. 
yinera1s in order 1 day 2 days 
Of activitv. 
3 days 5 days 7 days 
-
~alcite 0.1 0.0 0.0 0.0 0.0 
Olivine 2.4 2.0 1.5 1.1 0.0 
Soda1ite 1.8 1.4 0.8 0.2 0.1 
Rhodochrosite 2.4 2.1 1.6 0.8 0.2 
Siderite 2.6 2.4 2.1 1.4 0.7 
Pyrrhotite 2.7 2.4 2.1 1.4 0.8 
Jjeucite 2.5 2.3 2.2 1.9 1.6 
TetrahedLite 2.7 2.6 2.4 2.2 1.7 
Galena 2.7 2.6 2.4 2.3 2.0 
Arsenopyrite 2.9 2.9 2.8 2.7 2.5 
Labradori te 3.0 3.0 2.8 2.7 2.6 
Sphalerite 3.0 2.8 2.8 2.7 2.6 
l?yrite 3.0 3.0 3.0 2.6 2.6 
Hornblende 3.0 2.9 2.9 2.7 2.6 
Enargite 3.0 3.0 3.0 2.9 2.6 
Marcasite 3.0 3.0 2.9 2.6 2.6 
Kaolinite 2.9 2.9 2.8 2.8 2.7 
Augite 3.0 2.q 2.9 2.8 2.7 
Chalcopyrite 3.0 3.0 3.0 2.8 2.8 
Biotite 3.0 3.0 3.0 3.0 2.9 
Orthoclase 3.0 3.0 3.0 3.0· 3.0 Muscovite 3.0 3.0 3.0 3.0 3.0 Fluorite 3.0 3.0 3.0 3.0 3.0 Quartz 3.0 3.0 3.0 3.0 3.0 
Minerals one gram, 80-200 mesh in 30 C.c. ferric sulphate,Nl10 
with respect to iLon. 2c.c. extract was titrated against NllO Na2C03 
in each test. 
-co 
-
(9) a 
Graph showing relative aotivity of minerals in reduoing 
aoidity of ferrio sulphate solution, H/10 with respeot to 
iron. Minerals one gram, 80-200 mesh, in 30 0.0. acid 
solution. 2 0.0. extract was titrated against NJlO Na2C03 
in each test. 
Table III. 
Relative aotivity of minerals in reduoing iron in ferrio 
Bulphate solution. NllO with respeot to iron. 
1s 1 d er 1 d ay 2 d ays 3 d ays 5 d ays \ 7 d ays 
~- - -_ .. -..,;~. 
Pyrrhotite 0.2 1.2 l.et 3.2 4.3 (Sideri tel 0.2 1.0 1.6 2.7 3.8 Tetrahedrite 0.2 0.7 1.2 1.9 2.3 Arsenopyrite 0.3 0.5 0.6 1.2 1.7 Galena 0.6 0.7 1.0 1.2 1.5 Enargite 0.2 0.3 0.5 0.6 1.1 Maroasite 0.2 0.4 0.4 0.8 0.9 pyrite 0 - " 0.3 0.5 0.7 0.8 .... Sphalerite 0.1 0.3 0.4 --- 0.5 (Olivine) 0.0 0.2 0.2 0.3 0.4 Chaloopyrite 0.1 0.2 0.2 0.2 0.3 [Hornblende) 0.0 0.0 0.0 0.1 0.2 ~rthoclase (:>.0 0.0 0.0 0.0 0.0 Calcite 0.0 0.0 0.0 0.0 0.0 Rhodoohrosite 0.0 0.0 0.0. 0.0 0.0 Fluorite 0.0 0.0 0.0 0.0 0.0 Labradori te 0.0 0.0 0.0 0.0 0.0 Leucite 0.0 0.0 0.0 0.0 0.0 Muscovite 0.0 0.0 0.0. 0.0 0.0 Quartz 0.0 0.0 0.0 0.0 0.0 Sodali te 0.0 0.0 0.0 0.0 0.0 Augite 0.0 0.0 0.0 0.0 0.0. Biotite 0.0 0.0 0.0 0.0 0.0 Kaolinite 0.0 0.0 0.0 0.0 0.0 
Minerals one gram. 80-200 mesh in 30 0.0. ferrio sulphate , NIIO 
with respect to iron. 2 0.0. extract was titrated against KMn04 
1 o.c. = 0.0016 gr. ~ FeO in each test. 
-~ 
o 
-
(10) a 
Graph showing relative activity of minerals in reduc-
~ng iron in ferric sulphate solution, N/10 with reopect to 
lron. Minerals one gram, 80-200 mesh, in 30 c.c. acid 
solution. 2 c.c. extract was titrated against HMn04' one 
c.c. of which was equivalent to 0.0016 gr. FeO, in each 
test. 
(11) 
As shown in the Tables II and III the reduction 
of acidity is in general nearly proportional to the 
amount of iron reduced. Pyrrhotite and siderite,however, 
not only reduced acidity, but they also supplied ferrous 
iron. 
Comparing Table I and II it may ne noted that 
arsenopyrite and pyrite are more active on ferric sul-
phate than on sulphuric acid. 
The calcite which was the most active in both 
series of experiments did not reduce iron, but precipi-
tated it as ferric hydroxide. 
As in the series of experimen ~s in sulphuric 
acid no further change in acidi t :,' or alkalini ty could be 
detected after the neutral point had bepn reac~ed. More-
Over the amount of r Aduced iron remained the same for 
three months. A quantitative analysis confirmed the 
supposition that the total iron was combined with S04 
in the form of FeS04 • 
12 According to Stokes the action of ferric sul-
phate on pyrite proceeds as follows; 
~/t:rJ{, ~S (J, r 
12 Stokes,H.N.~ Fcon. Geol. vol. 2,p.22. 
Fe2(S04)3+FeS2 = 3FeS04+2S and 
2S+6Fe2(S04)3 = 8II20+l2FeS04+8H2S04· 
This indicates a considerable amount of sulphuric 
acid is generated. Titration against tenth normal 
so dit~ carbonate solution, however, showed a gradual 
decrease of acidity, and finally the solutions with 
active sulphides became neutral. With pyrrhotite the 
solution became neutral at the end of two weeks when 
evolution of hydrogen sulphide gas ceased and hydroxide 
of iron had begun to for.m. A probable reaction in ~his 
case may be indicated by the following equation, which 
was suggested by Grout; " 
Fe7Sa+6Fe2 (S04) 3+H2S04 = H2S+l9:b'eS04+7S 
It is known that gypsum and kaolinite are form-
ed by acid solution attacking calcite of limestone and 
feldspars of igneous rocks. Gypsum and kaolinite are 
associated with chalcocite at many places and inference 
is plausible that acid is produced by the chalcocite 
fo rming process. These experiment"s described above. 
however, show that acid sulphate and ferric sulphate 
(13) 
. 
reacting on pyrite and several other sulphides may be 
reduced with~ut generation of acid. 
Series 3. Experiments with ferrous and 
cupric sulphate solution. 
All the carbonates are active in reducing acidity. 
Calcite readily precipitates iron and copper out of a 
mixed solution of ferrous and cupric sulphate. This led 
13 D. C. Bard to conclude that calcite gangue would tend 
to inhibit secondary enrichment of sulphides. There are, 
however. numerous examples of secondarily enriched sul-
phide ore bodies in limestones. 
14 Recently A. C. Spencer obtained secondary 
bornite and other sulphides coating on chalcopyrite in 
a cupric and ferrous sulphate solution in the presence 
of calcite, and he suggests that calcite does not inhi it 
the downward ,.,-igration of copper, as in his experiment 
the calcite did not precipitate copper. In a solution 
even slightly acid bornite is not precipitated on chal-
copyrite, and this suggests that the presence of a reduO-
ing substance is necessary. 
13 Bard, D?C., Econ. ~eol. vo1.5,p.5. 
14 Spencer, A.C., Econ.Geo1. vol.8,p.621. 
(14) 
In an experiment a solution of iron sulphate 
and copper sulphate was brought simultaneously in con-
tact with calcite and chalcopyrite, and was found that 
t he calcite precipitated iron as ferric hydroxide and 
copper as carbonate, and at the same time chalcopy ~ite 
was coated with the secondary bornite. When ferric 
sul!)hate was introduced the borni te coating was quickly 
destroyed, but later when the calcite had neutralized 
ferric sulphate the secondary deposition went on again 
without interruption. The calcite preci r itated the 
iron as ferric hydroxide and copper as carbonate. and at 
the sarne time reduced the acidity of the solution, and 
the sulphide was deposited as before the introduction of 
f erri c sulIlhate. In order to ascertain the chemical 
composition of the coating the following t pst was made; 
A selected specimen of chalcopyrite was crushed 
and passed through a No. 20 mesh sieve and caught on a 
No. 40 mesh sieve and washed with dilute acid to remove 
any calcite present. After drying two equal portions of 
the chalcopyrite were weighed into beakers, and into one 
(15) 
of them cupric and ferrous sulphate and calcium carbo-
nate were a.dded. A boiling temperature was employed 
in order to accelerate the chemical action. When 
suffioiently tarnished the content was dumped on a No. 
40 mesh sieve and wa.shed thoroughly with hot water until 
the wash water no longer shoved copper. The mineral 
then was treated with a fairly strong hydrochloric a~id 
and the coating was dissolved out. At the same time the 
same amount of hydrochloric acid was added to the other 
beaker in which an equal portion of the chalcopyrite 
had been placed. So~e ammonia water was added to both 
solutions and brought to boiling to precipitate iron. 
The equal volumes of the solutions were compared for 
copper contents. The tube containing the solution 
from the tarnished chalcop,rite had decidedly more 
copper than that from the chalcopyrite alone. Also the 
iron precipitate obtained from the minerals treated ith 
cupric and ferrous sulphate solution was more than that 
from the one that was not treated with acid solution. 
This was to show that ~-the coating was not a mere 
(16) 
physical change but a change in chemical composition. 
Further in connection with this experiment the following 
results were obtained in hot solutions; 
Chalcopyrite and pyrite in contact 
with 
1. Cupric sulphate, 
2. Ferrous sulphate, 
3, Ferric sulphate, 
4. Cupric and ferrio sulphate, 
5. Cupric, and ferric sulphate, 
and calcite, 
6. Cupric sulphate and calcite, 
7. Ferrous sulphate and calcite, 
8. Cupric and ferrous sulphate, 
9. Cupric, ferrous, ~~d ferric 
sulphate, 
lOi Cupric, fer~us, ferric sulphate 
and calcite, 
Color of original 
mineral 
Unchanged. 
Unchnnged_ 
Unchanged. 
Unchanged. 
Unchanged. 
Unchanged. 
Unchanged. 
Tarnished chalco-
pyrite. 
Tarnished chalco-
pyrite, but in 
a less degree. 
Tarnished chalco-
pyrite. 
(17) 
As indicated by the preceeding experiments a 
solution of cupric and ferrous sulphate coming in contact 
with carbonate will precipitate carbonate of copper and 
hydroxide of iron, and at the sam~ time deposit bornite 
on chalcopyrite. Where pyrite occurs abundantly there 
is more likely to be an excess of ferric sulphate over 
ferrous sUlphate. In the absence of calcite gang 'e 
secondary bornite would not be deposited on primary 
chalcopyrite in the zone of oxidation where sulphuric 
acid and ferric sulphate are present. Unless active 
sulphides or gangue minerals are present ferric sulphate 
will not readily be reduced and cupric sulphate will 
migrate farther do'm wi thout being impoverished. Enrich-
ment of sulphide in this case would be expected at 
greater depth. 
Under similar geologie condition, the vertical 
extent of enriched sulphide zone, therefore, depends 
on the mineral composition of the primary ore, as has 
alread:r been poin t ed out by Emmons15 • If deposits carry 
alabandite, or pyrrhotite, or sphalerite, or tetrahedrite 
or other active sulphides ferric sulphate is readily 
15 Emmons, W.ll •• U.S.G.S. Bull. ~. 529. 
(18) 
reduced and causes precipitation of secondary sulphide. 
Pyrrhotite bearing sulphide deposits at Ducktown, and 
Encampment district, Wyo. and several other mining 
distiricts the secondary sulphide zone is rich but less 
extensive in depth compared with other districts where 
pyrrhotite does not occur in the primary ores. 
Other condi tiona being equal the rate 'of acti vi-
ties of minerals with acid waters as shwon in Table I 
and II may be regarded to be approximately proportional 
to the relative extent of enriched sulplude zone. The 
character of mineral composition of the primary ore 
bears, therefore, an important relation to the vertical 
extent of enriched ores. 
Series 4. Experiments with ferric and 
Cupric sulphate solution. 
In the upper zone of sulphide ore deposits 
cupric and ferric sulphate are abundant. Secondarily 
deposited sooty chalcocite is supposed to have been 
precipitated by several reducing agent including hydro- n 
gen sulphide gas which can be generated by active sul-
(19) 
phides when they ' are brought in contact with acids. 
Preliminary to the experiment the aoidity of 
important su1phates that oocur in mine waters in sul-
phide ore deposits was tested, using methyl orange as 
an indioator. 
-
Aoid to indioator 
Fe2 {S04)3 
CuS04_ 5H20 
H2S04 
Neutral or alkaline to 
indioator 
FeS04 
~nS04 
MnS04 
MgS04 
CaS04 
Pyrrhotite, sphalerite, and alabandite wp,re 
trea~ed with those sulphates reaoting aoid to the indi-
cator and the following results were obtained; 
A~tion of aoid solutions on pyrrhotite, sphalerite, 
and alabandi te • 
Acid solutiol Pyrrhotite Sphaleri te Alabandite 
H~S04 H2S evolved. H2S evolved. H2S evolved_ 
Fe2(S04)3 H2S evolved. H2S evolved. H2S evolved. 
CUS04 No H2S. No 11:2S. 
No IlzS. 
I 
~he behavior of mixed solution of ferric and 
cupric sulphate was determined in the following experi- . 
mente Minerals one gram eaoh, 80- 206 mesh, were put in 
test tubes and 25 0.0. of tenth normal cupric sulphate 
and 25 c.c. of ferric sulphate, tenth normal with res-
pect to iron. wp.re added. The acidity and the amount of 
reduced iron were tested at several intervals. The 
results are shown in the following tables IV and V. 
(21) 
:Cable IV. 
~elative activity of minerals in reducing acidity 
of NIlO CUS04 and F~2(S04)3' NllO with respect to iroh. 
Minerals in 1 day 2 da s 4 da ys y 8 d ays 18 d ays 
order of 
acti vi tv. 
Calcite 1.5 0.0 0.0 0.0 0.0 
Siderite 3.1 2.8 2.ti 1.6 0.3 
Tetrahedri t~ 3.3 3.2 3.0 2.6 1.9 
Galena 3.3 3.2 3.1 2.7 2.2 
Pyrrhoti te 3.3 3.2 3.2 3.1 2.6 
Arsenopyri tE 3.2 2.9 2.8 2.7 2.7 
(Chalcocite) 3.2 3.2 3.2 3.1 2.7 
Sphaleri te 3.2 3.2 3.2 3.1 2.7 
Pyrite 3.2 3.2 3.2 3.1 2.9 
Marca.site 3.2 73.2 3.2 3.1 3.1 
Enargite 3.3 3.3 3.3 3.3 3.2 
Chalcopyri tE 3.3 3.3 3.3 3.3 3.3 
Minerals one gram. 80-200 mesh in 25 c.c.each NI10 
CuSO and Fe2(S04)3. NJlO with respect to.iron. 2 c.c. 
extrict was titrated against NI10 Na2C03 l n each test. 
Graph showin~ relative aotvity of minerals in reduoing acidity of mixed solution 
25 0.0. eaoh N/lO CUS04 and Fe2(S04)3. 11/10 ?lith respeot to iron. :Minerals one gram: 
80-200 mesh. in aoid solution. 2 0.0. extr~ct -as titrated against NllO Na2C03 in 
eaoh test. 
-t\:) 
~ 
-SIl 
(22) 
Table V. " 
Relative activity of minerals in reducing iron in 
solution of NI10 CuS04 and Fe2(S04)3' NI10 with respect 
to iron. 
Min"erals i n 
order of 
activity. 
iaer1te 
rsenopyrite 
S 
A 
p yrrhotite 
T etrahedrite 
(Chalcocite) 
a1ena 
phalerite 
G 
S 
P 
M 
C 
yrite 
a"'casite 
ha1copyrite 
c a1ei te 
1 d aYi 
0.2 
0.2 
0.0 
0.0 
0.1 
0.1 
c.o 
0.0 
0.0 
0.0 
0.0 
I) d ( " ays 4 d ays 8 d ays 18 d ays 
0.3 0.6 1.5 4.2 
0.4 O.? 1.5 2.6 
0.1 0.4 1.0 2.5 
0.0 0.2 0.8 2.3 
0.1 0.2 0.6 1.? 
0.1 0.2 0.6 1.6 
0.0 0.0 0.:3 1.4 
0 .. 0 0.0 0.2 1.2 
0.0 0.0 0.2 1.2 
0.0 0.0 0.0 0.5 
0.0 0.0 0.0 0.0 
Minerals one gram, 80-200 mesh in 25 c.c. each NI10 
CuS04 and Fe2(S04)3' NI10 with respect to iron. 2 c.c. 
extract was titrat~d against K¥m04' one c.c was equi-
valent to 0/0016 gram peO, in each test. 
Graph sho~ing relative activity of minerals in reducing ieon in mixed solution, 25 
c.c. each N/lO CuS04 and Fe2(S04)3' N/10 with respect to iron. Minerals one gram, 
80-200 mesh, in acid solution. 2 c.c. extrar.t was titrated against Kl~n04' one o.c. 
of which was eqmivalent to 0.0016 gram BeO, in each test. 
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(24) 
slight indication of an addition of copper could be de-
tected. The retarding action by CuS04 is possibly due 
to the formation of thin film of seoondary sulphide upnn 
primary mineral or it may be attributed to some property 
of CuS04 -
In conn~ction with this experiment further study 
on the precipitation of sulphide was made with alaban-
dite. A piece of pyrite and chalcopyrite and ground 
alabandite were put in a test tube. and cupric and 
ferric sulphate solution were introduced- At the end 
of two days it was noted that hydrogen sulphide gas was 
generated and copper sulphide was preeip:tated. and 
pyrite and chalcopyrite were coated with chalcocite and 
bornite respectively. A trace of chalcocite coating 
on bornite coating was noted on the chalcopyrite. 
(25) 
Summary and Conclusions. 
The action of sulphuric acid or metallic sulphate 
solutions on metallic sulphides and other minerals results 
in a gradual deorease in aoidity and general tendency 
toward neutralization. 
Ferric sulphate attacking sulphides in the pre-
senoe of some oxygen did not increase acidity at any 
stage of the experiment. 
as 
In the reducti0n of aoidity as well , in the reduc-
tion of ferric iron, the rate of aotivity of sulphide 
minerals varies greatly. 
Aoidity of descending solutions should decrease 
~ith depth, and ultimately the solutions would become 
neutral or alkaline. 
Other factors being equal, the vertical extent of 
secondary sulphide zone should sho~ a relationship to the 
mineral composition of the primary ores. 
Either sulphuric acid or ferric sulphate or both 
generate hydrogen sulphide gas when brought in contact 
with pyrrhotite or sphalerite or alabandite, but cupric 
(26) 
sulphate does not generate hydrogen sulphide. 
It was found that manganese sulphide ,probably 
alabandite , is present in small amounts in many specimens 
of galena and marcasite from widely separated regions. 
Of specimens of galena in the laboratory colleotion at 
the University of Minnesota not one was found to be free 
from manganese sulphide. Since alabandite is nearly 
fifteen time as aotive as pyrrhotite, according to Grout, 
it appears oertain that the hydrogen sulphide evolved 
from these sulphides was due almost wholly to the man-
ganese sulphide. 
In a mixed solution of cupric and ferrous sulphate 
in the presence of oalcite the deposition of bornite on 
ohaloopyrite began only when the solution had beoome 
nearly neutral. 
In the presenoe of oupric sulphate,pyrrhotite, 
and sphalerite, very weak acids do not generate hydrogen 
sulphide gas. 
(27) 
The writer is much indebted to Dr. W. H. Emmons 
under whose peraonal direction this problem has been 
worked out and Professor F. F. Grout, who outlined the 
experiments and who has kindly given valuable suggestion 
and assistance throu<[hout the investigation. 
